ABSTRACT. We characterized the SNP 53 JPN System for parentage verification during horse registry. The SNP 53 JPN System was constructed using 53 highly polymorphic single nucleotide polymorphisms (SNPs), which were amplified and genotyped with 2 multiplex assays. The SNP 53 JPN System showed good resolution for 95 unrelated thoroughbreds, and the exclusion probability (PE01) for each SNP ranged from 11.5 to 23.0%, resulting in a total PE01 value of 99.996%. These results indicate that the SNP 53 JPN System is useful for parentage testing of thoroughbreds. Of the 53 SNPs, 8 SNPs could be used to exclude a pseudo parent and sib combination found using the 2006 International Society for Animal Genetics (ISAG) horse comparison test, as efficiently as the parentage testing systems using short tandem repeats (STRs). Thus, we concluded that the SNP 53 JPN System could provide sufficient and reliable information for routine parentage testing of thoroughbred.
Horse breed registries worldwide rely on genetic testing to ensure the reliability of studbooks. At present, parentage testing of horses is carried out using short tandem repeats (STRs) [19, 34, 35] , also known as microsatellites, with the StockMarks ® for Horses Equine 17-plex Genotyping Kit (Applied Biosystems, Foster City, CA, U.S.A.) and the Equine Genotypes TM Panel 1.1 (Finnzymes Diagnostics, Espoo, Finland) as basic parentage systems, and the Microsatellite 15 TKY System [33] as an additional parentage testing system for resolving single-marker exclusion issues. Because these systems can be used to identify a large number of alleles, the total exclusion probability (PE01) of each system is above 99.99%, which fulfills the requirement (>99.95%) of the International Stud Book Committee (ISBC) for horse parentage testing. Although the use of STRs sometimes results in slippage mutation errors, these genotyping systems are abundantly used by horse registries worldwide.
Single nucleotide polymorphisms (SNPs) are biallelic sequences abundantly dispersed throughout most eukaryotic genomes [23, 26, 29] : they have the following characteristics: (i) they have very low mutation rates compared to STRs (10 -8 vs. 10 ); (ii) because of their short length they are highly suitable for analysis using automated high-throughput technologies; (iii) they can be detected by several techniques, such as denaturing high-performance liquid chromatography (DHPLC) [20] , invader assays [22] , and TaqMan ® assays [12] . Therefore, there is growing interest in SNPs in the field of forensics [17, 18] .
Recently, there has been increased interest in the use of SNPs for parentage testing of domestic animals [28, 36] , and with the completion of the horse genome project, numerous SNPs have also become available for genetic studies of horses. However, there is insufficient information on their utility, such as their discrimination power and the ability to be combined in multiplex assays.
In this study, we designed 2 multiplex assay panels: JPN_01 (27 SNPs) and JPN_02 (26 SNPs) . The assay panels were constructed for genotyping a total of 53 SNPs using the Sequenom MassARRAY ® system [14] by the singlebase primer extension method. The system was designed to maintain the PE01 above 99.95%, which is a requirement of the ISBC for horse parentage testing systems. Then, we evaluated the efficacy of the 2 genotyping systems-one utilizing STRs and the other utilizing SNPs.
MATERIALS AND METHODS

Animals:
Genomic DNA was isolated from whole blood samples collected from 93 unrelated thoroughbreds in Japan. It was extracted using the MagExtractor system MFX-2000 (Toyobo, Osaka, Japan) according to the manufacturer's protocol. Two DNA samples, HCT06_01 and HCT06_05, from a pseudo parent and a sib, respectively, obtained from the 2006 International Society for Animal Genetics (ISAG) horse comparison test, were used to evaluate the exclusion probabilities.
Assay design for the genotyping of 53 SNPs: One hundred and twenty SNPs-representing all horse chromosomeswere selected from the horse SNP collection, EquCab2.0 (http://www.broad.mit.edu/mammals/horse/), and genotyped by direct sequencing for 8 thoroughbreds in order to evaluate their allele frequencies. Of the 120 SNPs, 60 SNPs that showed higher heterozygosities were used for designing the multiplex assays. The iPLEX assay was designed using the MassARRAY ® Assay Design software (Sequenom Inc., San Francisco, CA, U.S.A.), and 2 multiplex assay panels of 27 and 26 SNPs each were finally constructed to genotype 53 SNPs in total (Table 1) .
Microsatellite genotyping: To compare the discrimination powers of SNPs and STRs in horse parentage testing, 2 STR genotyping systems were used in this study. The first system contains 15 STRs from the marker set reported by Kakoi et al. [15] , which includes the minimum 9 markers recommended by the ISAG, and is used for routine parentage testing; the LEX3 and TKY321 markers [15] were excluded because LEX3 is located on a sex chromosome and TKY321 is also contained in the Microsatellite 15 TKY System. The second system used was the Microsatellite 15 TKY System [33] , which is used in many laboratories as an additional parentage testing system to resolve single-marker exclusion issues. Alleles are designed with alphabetical symbols, in the order of smallest to largest, based on a middle-sized allele having been assigned as M. Those definitions have been confirmed by ISAG horse comparison test.
Statistical analysis: Allele frequencies of each SNP and STR were determined by direct counting from tests performed for 95 thoroughbreds. Heterozygosity (H) was cal- JPN_01  ACGTTGGATGGCAATTTGTCCATCCTGCTG  ACGTTGGATGGTCAGAGTATTTGTCCGTAG  ctgtTAGCAGTAATACTGTCACTA  BIEC266761  JPN_01  ACGTTGGATGAATCATCTCAGATGCGTCCC  ACGTTGGATGCCTGCAAAATCATGCCCTTG  gattCGTCCCTGGCCTAGTTTACCC  BIEC493879  JPN_01  ACGTTGGATGGGGACAATGACACTTCACAT  ACGTTGGATGGAGAGATGTGAGCCTGTTAC  ttACACTTCACATATTGTTATCACTT  BIEC86281  JPN_01  ACGTTGGATGAGAGCAACGTGAGAGAAGAG  ACGTTGGATGTGACCTTGGTCTTCTTGCTG  ggggACGTGAGAGAAGAGCAGACAT  BIEC247284  JPN_01  ACGTTGGATGTCCCTCAAATTGAACACAGC  ACGTTGGATGGTGTAACATATGTTTTGAGGC  gAGCATATGTGCAAAATCTATAAAAT  BIEC136821  JPN_01  ACGTTGGATGGGCACATTTCCTGAGGTTTC  ACGTTGGATGGACTGTGCACAACAAACCAG  attaTTGTGAAGGAAGAATGCAATTC  BIEC915102  JPN_01  ACGTTGGATGCTCTAACGAGCTGAAGGAAG  ACGTTGGATGCTATTTGGTCATCAATCGTGG  AATTATTGTTTTTCCTTATTAAATCAA  BIEC42118  JPN_01  ACGTTGGATGAGTCTCATATATGACCTTG  ACGTTGGATGGTGCGTATGTGTATGTGTCC  TCATAAAATTTCAATTATTGTCAAAAA  BIEC884767  JPN_01  ACGTTGGATGTCTTTTGGGTCGACCGAATG  ACGTTGGATGCAGCCACCATGAAACATAAG  gcggTGAATTTAATTCCTTACGATAAAA  BIEC562465  JPN_02  ACGTTGGATGAGATCCATCACTGTCTCTGC  ACGTTGGATGGATGACTCATTCCTTCCTCC  CCTCCCTCTGCTGCC  BIEC155175  JPN_02  ACGTTGGATGAAATGTGAGAGGTCTTCCCC  ACGTTGGATGGTTGAGTTTAATGCCAAACCG  GCCAAACCGCTTCAT  BIEC541693  JPN_02  ACGTTGGATGATTAAACCCTGGAATCAGCG  ACGTTGGATGACAGGAAGCAGCTCCTGTTG  TGCCAGGCACCTCTCC  BIEC554813  JPN_02  ACGTTGGATGTGAGCTCCAATGGAAAGAGG  ACGTTGGATGACATCAGTGTTCAGCTGTCC  CTGTCCAGGTGATCAG  BIEC798010  JPN_02  ACGTTGGATGACATGAGCCAATGTCAACCC  ACGTTGGATGATTAGTCCACTTGGGGATAC  TTGGGGATACACTGGT  BIEC189021  JPN_02  ACGTTGGATGGAGAGCATGAGTGGAATAGG  ACGTTGGATGGTTGCATAAACCTTGACTTG  cCCTTGACTTGTCCTCA  BIEC633979  JPN_02  ACGTTGGATGTCATACGATGCCAGAGTCAC  ACGTTGGATGGTCGAATCCAAACATAAGCTG  TCCGTAGTTTGCTTTTCA  BIEC819385  JPN_02  ACGTTGGATGTCCCTCCTCAGCTTGTTTTG  ACGTTGGATGATCTCCCTCCACAGTGCTAC  ccCCAGCTGAAGCATTCAA  BIEC324530  JPN_02  ACGTTGGATGTCTTTCAGTGATGGCCTCAG  ACGTTGGATGGGGAAATAGGGAGAAGACTG  GAGAAGACTGAGCCAGAAG  BIEC204022  JPN_02  ACGTTGGATGCCTGAATCTATGCAAGGCAC  ACGTTGGATGTCCCAAGAAGACTGTTCTGC  TGCTAGATGACATCATCATT  BIEC180122  JPN_02  ACGTTGGATGCAAATGTTTACGCCGCTCTG  ACGTTGGATGGATATTACAGAGGCAGCTGG  ttggtTGGCCGACCACGTTC  BIEC119158  JPN_02  ACGTTGGATGCTGAGATCATACCTCTCCAG  ACGTTGGATGTGTACACTCCATCCAACCAG  cccaTCTTGCTTTCTTGCCTA  BIEC349712  JPN_02  ACGTTGGATGGTGACACCAATTATGCAAAC  ACGTTGGATGCTTACACTGCATGTATCTGTC  ATCTGTCAAAGAATAGCAAAG  BIEC531275  JPN_02  ACGTTGGATGCTTTATCATCTATGGTGGTTG  ACGTTGGATGGGCCGACTCTTTCTTAGCAA  ACTCTTTCTTAGCAATGTTTAC  BIEC523483  JPN_02  ACGTTGGATGCTGGCTAAAGCAGAAAATTC  ACGTTGGATGCGTAGGTTGGATGAGACTTG  gggCTCATCCTCATGTTGTTTC  BIEC884767  JPN_02  ACGTTGGATGTCCCCAGCTTTGGAAGATTG  ACGTTGGATGTTATCTGAGGCAGTTGGAAG  gGGAAGCAAAATTTGCTGAAGT  BIEC617070  JPN_02  ACGTTGGATGGATATTCTCTCCTCAAGCCG  ACGTTGGATGGCCGTCTCTGATTCCATCAA  gTTGTTGTGATTCTGTGTTTCTC  BIEC571705  JPN_02  ACGTTGGATGGGGTCATCATTTTCATGAGC  ACGTTGGATGTTATGCAGAACGCTATCATC  gggtTAGATGTATTCACATTTGCC  BIEC431445  JPN_02  ACGTTGGATGGGGTTCTGACCCTAGAAGTT  ACGTTGGATGGGATGTTTGAGAGAGAAGAG  gggtAGAAAGTATTGCACAAAAAC  BIEC366938  JPN_02  ACGTTGGATGGAGTCCAATTCCCAACAGAC  ACGTTGGATGCAAAGAGAGTCTCTCTGAAG  ctatTCTCTCTGAAGATTAACTCCT  BIEC183067  JPN_02  ACGTTGGATGTTCACCACAGGAGCCAACAG  ACGTTGGATGTGGCACTCACATGCACACC  ggatGGGCGGGCGTCCGAATTCGCA  BIEC707898  JPN_02  ACGTTGGATGAAGAGGACTACGGGCTTTTG  ACGTTGGATGCACTTTGTTAGCATCCGAGC  catcACAGACAATGTCATGATAATCC  BIEC420894  JPN_02  ACGTTGGATGTGGAGCTGACCAAGAAAGTG  ACGTTGGATGACACTTTTGAACACGTACTG  ACGTACTGTGTATTTTCATATTTTAG  BIEC479477  JPN_02  ACGTTGGATGGGAAAACCTGGGTTTGGCTC  ACGTTGGATGGGGAACCAAGACTTGCACAC  acccAGACTTGCACACAAATTTTCCTC  BIEC154171  JPN_02  ACGTTGGATGAGGCCATGCTTCTCTCTTTG  ACGTTGGATGCATTCTACCTACTGAAACTC  cccttAAACTCATAAATTTTGTGCTCTA  BIEC499860  JPN_02  ACGTTGGATGGACCAACATGGAGGAGATAG  ACGTTGGATGATGGGATCTGCACCACAGAG  TGAATATTTTTATATTTTAACTTGCATT The sequence, "ACGTTGGATG", was added to all the PCR primers not to overlap molecular weights of the PCR primers and the extend primers. Small letters of the extend primers show artificial sequences to adjust a molecular weight of each allele for multiplex genotyping.
culated from the allele frequencies. Three types of exclusion probabilities-PE01, PE02, and PE03-were calculated from the allele frequencies [13] . PE01 represented a one-parent exclusion case; i.e., the genotypes of a dam, her offspring, and a putative sire were compared. PE02 represented a missing-parent case; i.e., one of the parental genotypes was unavailable for testing. PE03 represented a bothparents exclusion case; i.e., a challenging that is an offspring falsely attributed to 2 parents was present, and all 3 genotypes were tested. Fig. 1 . Mass spectrum profile of a horse genomic DNA sample analyzed using the SNP 53 JPN System with the MassARRAY ® system for the (A) JPN_01, (B) JPN_02 panels and (C) example of SNP genotyping. Genotyped alleles were discriminated by differences of molecular weights of extended adenine (A), thymine (T), guanine (G) or cytosine (C). BIEC696480 and BIEC581695 have alleles "C" and "T". 
RESULTS
Construction of multiplex assays for genotyping SNPs:
First, 60 polymorphic SNPs were selected from 120 SNPs, which had been randomly selected from the entire set of horse chromosomes, by genotyping 8 thoroughbreds. Two multiplex sets for the iPLEX assay were designed using the MassARRAY ® assay design software; the 60 SNPs were separated into 2 panels-pre-JPN_01 (31 SNPs) and pre-JPN_02 (29 SNPs). After analysis with MassARRAY ® software using 16 thoroughbreds the iPLEX assay was optimized by excluding 7 SNPs from the multiplex system because of unstable amplification and/or primer extension. Finally, 2 stable multiplex sets for the iPLEX assay were constructed for genotyping the remaining 53 SNPs; these SNPs were separated into 2 panels-JPN_01 (27 SNPs) and JPN_02 (26 SNPs). The primers designed for PCR and extension are shown in Table 1 . Figure 1 shows the results of amplification and primer extension of genomic DNA with JPN_01 (Fig. 1A) and JPN_02 (Fig. 1B ) SNPs. Figure 1C shows examples for SNP-genotyping discriminated by differences of molecular weights of cytosine (C) and thymine (T). All the SNPs of the multiplex sets were well amplified and could be genotyped. Some nonspecific artifacts might have been amplified along with the products specific for each SNP. These artifacts, however, did not affect the SNP-specific products. These results indicate that the SNP panels forming the SNP 53 JPN System, would be useful for parentage testing of thoroughbreds.
Random samples from 95 thoroughbreds, which included a pseudo parent and sib combination from the 2006 ISAG horse comparison test, were used to genotype the 53 SNPs. Minor allele frequency (MAF), heterozygosity (H), and exclusion probability (PE01, PE02, and PE03) [13] of the population are shown in Table 2 . The SNPs, in which 1 SNP (BIEC349712) had 3 alleles, were found to be highly informative markers as indicated by the 26-53% heterozygosity. The exclusion probability (PE01) in combination with the system for thoroughbreds was 99.996% (Table 2) , which was comparable to that for systems that use STRs, such as the Microsatellite 15 TKY System. The discrimination power of a single SNP was less than that of an STR, but a combination of several SNPs resulted in a high discriminating power. Those results were used to evaluate the Hardy-Weinburg (HW) equilibrium. Out of the 53 SNPs, 50 loci confirmed to the HW equilibrium (P>0.05); however, 3 loci, namely, BIEC811791, BIEC590986, and BIEC633979, showed deviation from the HW equilibrium (P<0.05). The PE01 of the 50 SNPs that conformed to the HW equilibrium was 99.994%, indicating that only these 50 SNPs were adequate for parentage testing of thoroughbreds.
Genotyping of STRs:
Two parentage testing systems-the STRs reported by Kakoi (including the minimum 9 markers recommended by the ISAG) and the Microsatellite 15 TKY System-were used to genotype the same 95 thoroughbreds used for the SNP analysis. All the STRs of the 2 systems were well amplified and could be genotyped since they had been routinely utilized for horse parentage testing in our laboratory. In accordance with the literature [15, 33] , many STRs showed high heterozygosity and multiple alleles (Table 3) . In this study, the exclusion probability (PE01) for the STRs reported by Kakoi and for the Microsatellite 15 TKY System for thoroughbreds was 99.994% and 99.998%, respectively.
Parentage testing cases: The 3 systems for parentage testing-the SNP 53 JPN System for SNP genotyping, the STRs reported by Kakoi and the Microsatellite 15 TKY System for STR genotyping-were used to evaluate the exclusion of an actual parentage testing case, which was a pseudo parent and sib combination found using the 2006 ISAG horse comparison test. In the SNP 53 JPN System, 8 of the 53 SNPs excluded the parent and sib combination as a pseudo combination; 4 STRs of the STRs reported by Kakoi and 7 STRs in the Microsatellite 15 TKY System also excluded it as a pseudo combination (Table 4) .
DISCUSSION
The objective of the present study was to construct a parentage testing system using SNPs for parentage testing of thoroughbreds and to evaluate its utility for routine parentage testing by comparing it to the present system based on STRs [15, 33] . The ISBC requires that an exclusion probability (PE01) above 99.95% be maintained when switching from the blood typing technique [1-4, 8, 16, 24, 25, 31, 32] to STR typing for routine parentage testing of thoroughbreds. Thus, we aimed to construct an SNP-based parentage testing system with PE01 above 99.95%. In this study, we employed a multiplex assay using single-nucleotide primer extension reactions for SNP genotyping because a multiplex assay is convenient and requires only small amounts of DNA; moreover, the primer extension reaction is simple and cost-effective. The SNP 53 JPN System fulfilled the total HCT06_01  TT  CC  CT  CC  TT  CC  AT  GC  TT  TT  AA  GG  AG  CT  HCT06_05  TT  CT  CT  TT  TT  GC  AT  GC  CC  TT  AA  GG  AG  CC   Sample  #322734 #344848* #493879 #508410 #532060 #555737 #581695 #604433 #590986 #607490 #633181 #686800 #696480   HCT06_01  GG  TT  TT  GG  AA  CC  TT  TT  TT  TT  CC  GT  CT  HCT06_05  GA  CC  CT  GG  AA  CC  CT  TT  TT  GT  CC  GT In this study, 3 SNPs showed deviation from the HW equilibrium for thoroughbreds. Although the causes for this deviation are unknown, it is known that multiple genomic regions are evolutionarily biased in thoroughbreds [9] . The 3 SNPs may be located in these biased genomic regions. The exclusion probability (PE01) [13] of the remaining 50 SNPs was also above 99.95% as required by the ISBC: this indicates that our system was adequate for parentage testing of thoroughbreds.
Although several different assays are available for SNP genotyping, such as the TaqMan ® assay [12] and DHPLC [20] , the iPLEX assay along with the MassARRAY ® [14] was suitable for routine parentage testing because it enabled simultaneous genotyping of multiple SNPs. The current panel of 53 SNPs was found to be sufficient for parentage testing of thoroughbreds, and genotyping performed using the iPLEX assay with MassARRAY ® was as cost-and timeeffective as that by the STR assay using automated sequencers. The exclusion probabilities computed for this panel of SNPs were similar to those reported using STRs for thoroughbreds [15, 33] , indicating that the discrimination power of about 50 SNPs is equivalent to that of about 15 STRs.
One of the main proposed benefits of SNP-based systems is the potential for genetic diagnosis, such as the determination of coat color [5-7, 10, 11, 21, 27, 30] and diseases in horses. It is expected that the genetic diagnosis of coat color and diseases would help the actual coat color information and clinical symptom gained by observation, since coat color information is particularly now available for horse identification and registry. Although the SNP 53 JPN System includes 53 SNPs in its panels, it is possible to include additional SNPs in the panels because the current iPLEX assay technology can accommodate over 40 SNPs in 1 multiplex assay (panel). Therefore, this is a flexible technology that can be improved to serve further demands, for example, for the genotyping of factors such as coat color genotyping. This is the first report on horse parentage testing with multiplex assays using many SNPs: it is possible that our system, the SNP 53 JPN System, will prove to be a basic tool for improving and developing the current parentage testing system, which uses STRs, for horses.
